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Introduction
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Quark-Gluon Plasma at heavy ion collision

Quarks and gluons are predicted to move freely in the state
of extremely high temperature and dense matter.

QGP has been created at high energy heavy ion collision.
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History of collision and photon emission
Collision QGP Hadron Gas (HG)
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Hard scattering \ )
L Hydrodynamics  'reeze-out
Thermalization Hadronization

Hadron =
Photon

Direct photon analysis

All photons except for those originating from hadron decays.
* emitted during all stages of the collisions
 don’tinteract with the medium
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The excess of direct photon ©
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The excess of direct photon has been

measured via several methods. 2

The virtual photon method and
external conversion photon method 1

are sensitive to low p; region. 0
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Direct photon p; spectra
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The p; spectra in Au+Au collision is
enhanced compared with that in

p+p collision scaled by the number of
binary collisions less than 4 GeV/c.

The excess of p; spectra is fitted and
effective temperature is extracted.
(Freeze out temperature = 100MeV)

Centrality | Effective temperature

0%-20% 239 + 25+ 7 (MeV)
20% - 40% 260 + 33 + 8 (MeV)
40% - 60% 225 + 28 + 6 (MeV)

Photons in low p; are mainly radiated from very hot
medium at early time of collisions.
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Azimuthal anisotropy (Elliptic flow)
ve = (cos{2(¢ — Vpr.p)})

charged particle d¢ distribution

o

Reaction / :
Plane | : \| “. =

-1 0

=0 v )
e anisotropic pressure gradient in participant zone (Initial state)
* QGP expansion (hydrodynamic motion, n/s)
(n is shear viscosity and s is entropy density)
* hadron production mechanism (coalescence)

(1) : Initial geometry is converted into final azimuthal anisotropy
(2) : (expected to be) sensitive to n/s.

2015/1/23 PreDefence (M.Sanshiro) 8



Photon emitting angle dependence

Photon >

p ‘*7 Parton >
AY
/ [ -
\ [ — I
/v
1
|

1 Angular dependence of photon sources

ﬁ * Initial hard scattering : v,=0

Medium induced : v,<0
Jet fragmentation : v,20
y Radiation from expanding medium : v,>0
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The measurement of photon azimuthal anisotropy is a powerful
probe to identify the photon sources.
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P.R.L. 109, 122302(2012)

Elliptic flow of direct photon

0.25 |- v, - Yinc. v,
= E.PFXN(In|=1.0~2.8)

e E.PP% (In|=3.1~3.9)

Y.nc _ ,v.bg i
o V3 V2 " (rxv)| |
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0.15 -
S04 } E
0.05 | {

-0.05 [ -

High p;: very small v,
It is consistent with expectation that photons produced in the
initial hard scattering are dominant.

Low p; : Comparable to hadron v, at around 2 GeV/c
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Direct photon puzzle

Thermal radiation photons are dominant in low p; region.

Elliptic flow :
Photon should have small v,, since it includes one from early stage
having small v,,

-> Photons are dominantly emitted at late stage.

p; spectra :
Emitted from very hot medium (T_4~240MeV).
-> Photons are dominantly emitted at early stage.

There is a discrepancy, and it is called “direct photon puzzle”.
There is no models to explain both observables simultaneously.
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Third order azimuthal anisotropy (v;)
O O

> W : Participant Plane

N(¢p—Un) oc1+2) vy cos{n(¢p— U,)}
un = (cos{n(¢ — ¥y,)})

V5 is originating from fluctuation of the shape of participants.
The higher order flow is expected to constrain the initial geometry
calculating model and n/s of QGP.
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Why direct photon v, is measured?
P.R.C 89, 044910 (2014)

. . 0.50—————
Radlal ﬂow EffECt (blue Shlft EffeCt) : g 0'45,0__0 EEZf(I:::'espectrum w. equilibrium rates
It makes effective temperature higher ® 040 — calirum emisson raes
w —  PHENIX
than true temperature. g 035
. @ 0.30r |
Photons from late state are dominant. = o —
V2>0 . V3>0 % 0.20} -
e 015 (@) |
W 10" MCGlb., n/s=0.08, AuAu @ RHIC, 0-20%

0.1
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Large magnetic field :
Direction of magnetic field is strongly
related with W,(R.P.) but not with W,.

v,>0 : v;=0

True Temperature

v; measurement could provide additional
constraint on photon production mechanism.
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My activity Poster & Talk : Analysis

‘ 2012 (D1):Data taking shift and Detector expert & TOF calibration

Poster Talk Talk
QM 2012 ATHIC 2012 JPS spring

Identified particle azimuthal anisotropy

‘ 2013 (D2):Data taking shift and Detector expert & TOF calibration

Talk Talk

JPS fall JPS spring
Neutral pion and direct photon azimuthal anisotropy

‘ 2014 (D3):Data taking shift and Detector expert

Talk Talk Talk Talk
QM 2014 HICHIP ATHIC 2014 WPCF 2014
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Analysis

2015/1/23

PreDefence (M.Sanshiro)

19



PHENIX detector Central Magnet
PHENIX Detector CNT

P
In| <0.35
N

aerogel

TOF

West Beam View East

Reaction Plane detector (RxNP), MPC, BBC
are used for measuring Event Plane.
Photons and ni° are detected by EMCal in CNT.

vp = (cos {n(o|—[¥,l)})  Side View
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Centrality determination

Centrality :
The size of participant zone is

classified by multiplicity in BBC. @ ) R @

Beam-Beam Counter (BBC) : 100 % 0%
Measures charged particles.

Count
[ T 1T

10?

10

o

500 1000 1500 2000
BBC charge sum
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Event plane and resolution

Event plane is determined for each

o_

> w; sin ng;

harmonic “n”.
1
n

> w; cos ne;

)

Reaction Plane detector(RxN)
[

Res(\IJ,n) - <COS {n(\Ifffue _ \I/%bs-)}> Muon Piston Calorimeter (MPC)

true

Un

Y, resolution

true_lpgbs.)»
© o
R

2
o
>

————r
°
°
°

o

2F o

( cos{2(¥

oY

0 20 40 60
Centrality[%]

2015/1/23

true_lpgbs.)»

3

( cos{3(¥

v,f;bs' /Res(V,,)

Y, resolution

[ o
o3 °
LI RN
0.2 s °
‘ ® . °
0-1__. P L J .
[ o« °
[ * 3
(1] ereremre mrrere —e——
0 20 40 60

Centrality[%]

i NS RN A S
\\_*-:-._,',-..':::.‘-'~;" >
w/jypi?

MPC
RxN(Out) BBC
RxN(I1+0) RxN(In)+MPC

PreDefence (M.Sanshiro)

RxN(In)

18



PHENIX Detector

Photon reconstruction ) SR

Pad chamber : space point of charged
particle track TOF
Electromagnetic calorimeter(EMCal)
Photons are reconstructed

* Energy threshold : E >0.2GeV

* Shower shape : ¢?*<3 West Beam View —East
* Charged particle rejection at PC3 : V(dz)*+(r;sin(d¢))? > 6.5

x10°

1500 —

m0 (->y+y) reconstruction ~ 20-30 % __ Real event
| 2.0<p_<2.5(GeV/c) — Mixed event

* Asymmetry cut: |E;-E,|/(E;+E,)<0.85 [ .0, — Extracted signal
1000 —

* Photons are detected in same sector [ %10<m,<018
* Invariant mass of y+y :

unt

Mass = /2y By (1 — cos 0 E /\
ass = \/2E1F5(1 — cos ) /< ‘

0 0.1 0.2

0.3

invariant mass(GeV/c?)
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Inclusive photon v, measurement

>_<10

§ - 20(;30 % s b
6000 — .0<p_<2.5(GeV/c) I .!
i —— Ny[2v cos{n(¢ -¥ )}] - E os, .
0.05 . . +
i i a
5000 - - "
oL s
I S 0-20% ® V"V,
4000 " RxN(1+0) e y'"® Vv, %
- T N T R—T-
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The method of extracting v,
1. v =<cos{n(¢-¥ )}>
2. dN/d¢ is fitted by N,(1+2v_cos{n(¢-W,)})

Systematic uncertainty
 Photon selection

* v, measuring method

* Event plane determination
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Neutral pion v, measurement

Count

x10°

- 20-30 % SSL
3000~ 2.0<p_<2.5(GeV/c) 0.1~ IEE
No[1+2v _cos{n(¢ -¥ )}] i EHHHHH * 9 9 ? +
B 0.05 o I
2500_— - E
| S
1020% ®TV; %
2000 L 0
B - RxN(1+0) e " v,
0 0.5 1I 15 005 ——— 5 0 s
A1 (=¢-W ) p,(GeV/c)
The number of n° is counted with respect to the event plane.
The azimuthal distribution is fitted by the equation.
. . No(1 + 2v, cos{n(¢p — ¥,)})
Systematic uncertainty
* Photon selection
» 7% selection
* Event plane determination
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Hadronic decay photon

It is impossible to identify photons originating from hadron decay
experimentally.

Decay photon p; spectra and v, should be simulated by

Monte-Carlo simulation.

Particle Data Group

meson invariant mass(MeV/c?) decay mode

branching ratio

0 134.98 2y (198.823 &+ 0.034 ) %
ete (1.174 £ 0.035) %
n 547.86 2y (39.41 £0.20) %
7 Y (4.22 £0.08) %
ete (6.9+04) x 1073
n02y (2.7£0.5) x 1074
W 782.65 70y (8.28 +0.28) %
p 775.26 ntn=y (9.9+1.6) x 1073
n0y (6.0+0.8) x 1074
n 957.78 Py (29.14+0.5) %
Wy (2.7 +£0.23) %
2y (2.20 +0.08) %
ptp=y (1.08 £0.27) x 1074
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Since it is difficult to measure mesons except for pion,
the other mesons p; spectra are estimated by m; scaling
from pion experimental data.
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Meson v, estimation

It is known that hadron v, as a function £:°
of KE; are scaled by the number of

constituent quark.

Meson v, is estimated from pion v,.

The number of constituent scaling

2
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Hadronic decay photon v,

R NG B
.il_w decay photon zﬂiﬁ r omg _%
& 10°F Y. ;:gm. c
10:: _a"Ydec. g
10‘5; .
0 5 10 pT(GeV/c)15 5 10 pT(GeV/c)15
= 019 decay photon v, Decay photon v, is simulated from
meson input.

0.1F

Systematic uncertainty

* Propagated from pion p; spectra
* Propagated from pion v,

* Event plane determination

0.05

dec E ,RZ dec.,1

0o 5

p (GeV/c)
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Direct photon v,

=) 5 R — N ; / N
0.1 2 0.1 3 e inclusive photon i tne. dec
e decay photon e | - u
- 1.4
0058 0.05] 7 +
e “=s * L I I s
E: 1.2F [
L [ ]
0 0 - ‘ L
[ 0-20 % e inclusive photon [ 0-20 % il . ¢ [
" RxN(I+0) e decay photon " RxN(I+0) o L ﬁu |
oy - o 0 2 4
0.050 10 0.05 5 10 p(GeV/c)
pT(GeV/c) pT(GeV/c)
inc. __ 4, dec. e [ 0-20 % |
dir. __ R’Y Un Vn .
1 = 3~ e Calorimeter
n R _ 1 - @ External conversion
Y - e virtual photon

Systematic uncertainty

* Propagated from inclusive photonv, 2
* Propagated from decay photon v,

* Propagated from R,

* Event plane determination
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Neutral pionv_

Electromagnetic calorimeter (CNT) | [n] <0.35
Reaction Plane detector (Inner) 1.5<|n| <2.8
Reaction Plane detector (Outer) 1.0<|n| <15
MPC 3.1<|n| <3.8
BBC 3.0<|n| <3.9
Results & Discussion "
PreDefence (M.Sanshiro) 27
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The event plane dependence of neutral pion v,

0-10 % . 40-50 %

> Neutral pion v, ot . . . .
02 02 ""332 X ! Hadrons in high p; are originated
0.15F 0.151 . .

o1 g 0o * + from jet fragmentation.
oos, W00 g 05|  Study jet property

G Gt p

pT(GeV/c) pT(GeV/c)

. 010% . 40-50% In peripheral event

T 0e® "1 o880ge ® _ oL

o I ) ‘ i o ,ig 4V and v, : positive

| | | % v, : negative
-0.2- Neutral pion v, 0.2+

| @ RXxN(In)+MPC:1.5<h|<3.8 I
-0. '_.RxN(Out‘):1.0<InI<1.5I 0.4k | .

_ o10% _ ap50% there is the difference blue and red
0_>3f_ Neutral pion v, 03; H ﬂ[

. H 025- l,‘N\
. ! \
0.1 %E E " ll :
Y.
w1 !
0 5 pT(1G%V/c) 0 > pT(1G%V/c) ‘\\ ,l
-
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;“' 0.4l Neutral pion v, _:“’ 0.4l Neutral pion v, _: 0.4
Qo [ 6<p.<15GeV/c Qo [ 6<p_<15GeV/c Qo [ —
S T s T s
o @ o o I l
L 02 L m o9 0.2 9 0.2+ I
= I m ™ £ £ I 1{ ?
o= gH N i
. | ® £ | ¥ 8 g f
. : E [ Neutral pion v,
- o RxN(In)+MPC:1.5<i<3.8 : -
0.2+ -0.2| 02 6<pP,<15GeV/c
- o RxN(Out):1.0<hi<1.5 - -
[ by P Y B P P AP [ b
0 100 200 300 0 100 200 300 0 100 200 300

Event plane dependence of ° v_ in high p;

< Npart > < Npart > < Npart >

Di-jet makes v, , >0 and v,=0.
Energy loss of path length dependence : v, >0
It can be understood in central event.

Negative v; and the difference of
red and blue in v, are not understood

\ul
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Jet effect in event plane determination

EMCal : [n|<0.35
RxN(Out) : 1.0<|n|<1.5
RxN(In) : 1.5<|n|<2.8
MPC: 3.1<|n|<3.8

Jet

n:—ln{tang}

Z

Z

Event plane determination is much affected by jet effect in
peripheral event due to small multiplicity.
The trend is differentinv, & vy and v; =~

due to the initial geometry. [ DS A
4
v,&v,; >0 : v;<0 ‘;M:‘ ) y
Sor
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a Multiphase transport model (AMPT)

event generator (HIJING) + parton cascade (ZPC) + hadronization + hadron cascade
P.R.C 72, 064901

3 M events including Jet > 20 GeV are analyzed.

Centrality is defined by the number of particles in 3.1<|n|<3.9.

Pions are detected in |1 |<0.35.
Event Plane is measured in
1:1.5<|n|<2.8 (RxN(In))
2:1.0<|n|<1.5 (RxN(Out)) 10°
3:1.0<|n|<2.8 (RxN(I+O))

4: 3.1<|m|<3.8 (MPC) 10°
5:3.1<|m|<3.9 (BBC)

6: 1.0<|n|<1.5 +3.1<|n|<3.9 (RxN(In)+MPC)

Count

3.1<|n|<3.9

1

0 200 400 600 800 1000 1200 1400

Number of particle
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Pion v, simulated by AMPT

~ - «0.2 -
> | pionv, l >""L pionv,
0.3 40-60 % + I - 40-60 %
: 0.1 ® ¢
I ° ¢ ¢ + [ g %
i Iﬂ [ o =B ﬂ
I 2w ¢ I )
0.2_— §|§|+ |§| |§| 0. i
=i |§| = @ E
- . | ) -
- @ $ ! t |
- 8 ® -0.1 -_
0.1 . L
I Event with Jet>20GeV i
j. e Experimental RxN(In)+MPC | e AMPT RxN(In)+MPC
. e Experimental RxN(Out) -0.2 .~ e AMPT RxN(Out)
0 1 1 1 1 | 1 1 1 1 | o ]
0 5 5

10
pT(GeV/c)

Event plane dependence is found in v,, it is similar to the
experimental measurement.
The v, shows similar trend less than 5 GeV/c.
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Results & Discussion
Direct photon v
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The results of neutral pion and direct photon v

L 0-20%

>
0.2-

o

e Neutral pion
e Direct photon

0.1:' !!BHHI oo ¢ ;
A T
0 5 pT(Ei(;V/c)
. 0-20 %
>0

0.1F
z EEHEE

0.051 EH ﬁ
of Bﬂ é

-0.05:-““““‘.‘
0 5 pT(EE(;V/c)
-0-20 %

0.2f a

0.1f

Fame

10
pT(GeV/c)

2015/1/23

. 20-40 %
o.>2} e
o.1f—EE HE..' ®
L theg b
5 10,
pT(GeV/c)
_20-40%
0.1}
M
oE I ﬁ
-005f . . ., .8
5 pT(1G%V/c)
. 20-40%
am
0.1;— HHH i E
O%EE__'
o s B,

* Inlow p;region

Direct photon has non-zero and
positive v, and v;.

The strength is comparable to
the hadron v, and v;.

* In high p; region
Direct photon v, is close to zero.
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Centrality dependence of y¥" and &t in high p;

S 0.2 5" 0.2 57 0.2
5 o] 5 v, (RxN(1+0)) = i
2 9 6<p.<10 GeV/c Q I
g 0.1 g 0.1+ g 0.1_— ¢
E | |e = g | £ |
_ + _ - Be o
n n ® 'I' n
: =2 o H :
" v, (RXN(1+0)) i ] [ ¢
6<pT<10 GeV/c I I
0.1 _ 0.1 0.1} Va (RxN(I+0))
. ® Neutral pion 5 5
e Direct photon I T I 6<pT<10 GeV/e
PRI T T SR SN ST R SR S ST N N NN L | T T R TN AT T T TN N S T PR S S T SR SR T N S S ST N N RN
0 100 200 300 0 100 200 300 0 100 200 300

<Npart> <Npart> <Np.':lrt>
dir. 0
Ye v,andv,<m’v,and v,
Ydll’. Vy = 0

The direct photon v, is close to zero.
The difference between y" and nt° is understood that photon
includes prompt photon which v, =O0.
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Blast wave model

Blast wave model is based on hydrodynamic model
Parameterizing the expanding medium at freeze-out temperature

dN
prdpr

x / déIo(r) Ky (Br)

azimuthal anisotropy : v, (pr) = / d(b;(;sqb(gq(bi?)(;f(); Bf{ﬁlTi{;S:CQOSSn(;j)(}Wb)}

p; spectra :

G parameter: ar(6) = (pr/Ty) sinh (p(9))
Freeze-out temperature : T
average velocity : <p> Or(p) = (mr/Ty) cosh (p(o))
transverse anisotropy : p,, Ps p(®) = po(1 + 2p, cos (ng))
spatial anisotropy : s,, S, [7(po % 7/ Runag )dr

T ar

6 parameters are defined by hadron observables.
Photon spectra and v, are predicted as massless particle (mass = 0).
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Photon observables predicted blast wave model

PIDed charged hadron p, spectra PIDed charged hadron v, PIDed charged hadron v,
3 10k Centrality:0-20% =' | Fitting range > f
ol T=107.370.27[MeV] 0.15F —Extrapolation ° 0.15}
> (p) =0.65:0.00 !} P . Ot
% 10F ° . [
— [ ] -
& \ 01f gest e 0.1f
g 107F 0 i 8%°° o
= E e it x u [
10°F o K*x5 0.05¢ p,=0.021:0.000 0.05¢ p,=0.018:0.000
F e ppx1 [ s,=0.033+0.000 [ $,=0.006+0.001
10'5;'....|....|....|.... 0....1....1....1.... 0....1....1....1....
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
pT(GeV/c) pT(GeV/c) pT(GeV/c)
Direct photon p, spectra Direct photon v , Direct photon v,
10°k > | ] > 0 ‘
2 0.15F 0.15F

(1/2in)d2N/dedy
S =
N o

0.15— 0.15— )
; [H] B ; - H
0.052— H . Hﬂ 0.052— | 1 {.

107 r e Calorimeter I~ E 1
I eConversion method l
10-5 " TR N S 0 ] ] N 0= M . S
0 1 3 4 0 1 3 4 0 1 2 3 4
pT(GeV/c) pT(GeV/c) pT(GeV/c)

Photon observables are well described with parameters defined from hadron.
The p; spectra is described though temperature is very low (T4 =240 MeV).
It could be due to strong radial flow (like blue shift correction).
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The probability of understanding photon puzzle

Blast wave model well describes photon p; spectra and v, at
freeze-out temperature (T, = 100 MeV).
Effective temperature could be affected by strong radial flow.

The possibility that photons from early stage are not dominant.

Photon p; spectra and v, are calculated with blue shift effect.

1+ 5 T’ : apparent temperature
— B :velocity of photon source

T =T
1_5 T<T
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Photon p,; spectra and v, with blue shift effect

Assumption of photon source

 temperature decreases with the time : T(t)

* velocity increases with the time : (t)

* azimuthal anisotropy increases with the time v (p, t)
* thermal photon momentum distribution :

B pT
Mot = S or T ) — 1

p; spectra and v, at final state are calculated as :

i o - s

Effective temperature is taken via fitting by exponential equation to p; spectra.
The difference with experimental measurement is estimated as :

V. Vv E(stat. SVS. V... : experimental measurement
( obs. Cal')/ ( @ Y ) E:errorofV

V_, : calculation
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Basic assumption for yield, velocity, and anisotropy

N(t)

Temperature

>
‘@ . i
S [ Basic assumption
2.0.04
= N()= n(pt)dp,
g |
20.02 B(t)=B t
& X
Va(P,:)=C(p,) t
0 0

0 " " " " 0:5 " " " " .i 0 " " " " 0:5 "

time tirr1|e

0_3: Temperature : T(t) .-g‘ 0.6_— Velocity : (t) g 0.1} azimuthal anisotropy : vn(pT,t)
; G 8
0.2 0.4 =
- ®
i £
=
0.1 0.2_ £
N
<

ime time time

The temperature is decreased from 300 MeV to 100 MeV.
The time is defined by temperature.
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Calculation with basic assumption

without blue shift correction with blue shift correction

3 3
E:gz; Thermal photon P spectra E}gzé Thermal photon P, spectra
g - T.=235(MeV) g ~ T.=265(MeV)
e hi 0 To=0.15 ® 1F o T =-1.00
e -2 [ e -2 |
10 10
ni 4l ® arXiv:1405.3940
10 Experimental measurement "~ 107" - it range 0.6<pT<2 GeV/c °
- T =239+25+7 . - ---- extrapolation
105 s 0 Ty
p.(GeV/c) p,(GeV/c)
Thermal photon v, (0-20 %) Thermal photon v, (0-20 %)
0.151- e Direct photon v 0.151- . ] ]
>N i Calculated photnon Vv >°" | O Vn IS estlmatEd in pT < 3 GEV/C
01k © v,=3.74 B H 01k © v,=1.51
ST J z H
0.05F .05¢ B +
| ® ] | I
00”'1””2””3””4”'5 00 123—45
p.(GeV/c) p,(GeV/c)

Effective temperature with blue shift is higher than without correction.
The v, are much underestimated.
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- N(b)=[dp t°n(p,.1)
. a=0 a=1
a=1/4

a=1/2 a=4

Additional assumption

* Yield dependence T:V @
Since photon source expands, VA 1
the yield is assumed to get large " N

Probability density

with time.
T:V Z o6f :
N(t) = [ dprtnpr.
2 0.4
b=1/4
 Velocity dependence 0-2_ E%lz
B(t)=B-t° L L &
g 0.1
 Azimuthal anisotropy dependence %
L C go.os_
vn(pr,t) = C(pr) - t :
<
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p; spectra and v with relative yield dependence
N(t) = / dprtin(py, )

© a=0 :264.88[MeV] 0.15k (. 15}
5 10° a=1/4 : 260.99[MeV] | =¥ | N(t)'f tAexp(p,/T)-1}dp, >«>°15.
o a=1/2 : 257.32[MeV] ! a=4

@ a=1 :250.75[MeV] -

o 1

i a=1 - __
a=4 :226.16[MeV] 0.1 H a=1/2 0.1r nlE

0.05

102

0.05

10

0 1 2 3 4 5 0 0
pT(GeV/c) pT(GeV/c)
Photons from late stage : § | Probability density
low temperature & large v, £ 004
. “ 0.02
The both of effective temperature w
and v, are affected. ]
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p; spectra and v, with velocity dependence

B(t) =B -t°

. b=1/4 : 324.93[MeV] 0.15- R b _ 0.151
% 102} b=1/2 : 294.54[MeV] N B (=Bt E:}g =
o b=1 :264.88[MeV] -
7 b=2 :244.39[MeV] b=2
o 1 0 1' - 01 _
T ‘ T i
102 ! H
0.05] 0.05\-
10* i i
0 s R 75 %
pT(GeV/c) pT(GeV/c) pT(GeV/c)
206 Velocity : B(t)
. . o« o o
Effective temperature significantly decreases =

with increasing “b”.
The v, is a slightly affected.
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p; spectra and v, with anisotropy dependence

vn(pr;t) = Clpr) - t°

g 102 >N0.15— v, (PT,t)=C tc c=1/4 >m0-15__
[T c=1/2
dg)_ 264.88[MeV] c=1
- c=2
o 1 0.1F 0.1 (| _
—
102
0.05 0.05 ®
10 [ [ =
10-6 O(; 0(; " P rrrae 4 2
pT(GeV/c) pT(GeV/c) pT(GeV/c)
g | Azimuthal:v,(p_1)
. . . < 0.1
Since p; spectra is not affected, effective & |
temperature is not varied. =
go.
L) . . 2
The v, increases with “c” decreasing.
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Comparison with experimental measurement

s' | @ Basic assumption (Vobs. — Vealr.)/ E(stat. @ sys.)
» 6 —yield dependence |
-~ — velocity dependence V. : experimental measurement
- —anisotropy dependence £ érror of V
u : obs.
41— V,, : calculation result
! b | > 1 6:%’
- “b” getting large .
] SETnE fare @%0 N(t) = /detan(pT,t)
2— {9» b
_ | B(t)=B-t
- “c” getting large
[ " gettinglarg vn(pr,t) = Clpr) - t°
| | | | | | | | | | | | | |
0 -4 -2 0 2

The differences (0T 4 and ov,) are varies uniquely with the
parameters “a”, “b”, and “c”

They are selected so that Teﬁ. and v, are comparable to the
experimental measurement.
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p; spectra and v, with selected parameters

238.57[MeV] a:b:c

E 2 0.15F 0.15+ a:b:c
£ 10 238.85[MeV] <~ [ 0.00 : 2.86 : 0.02 o | 1.00 : 1.47 : 0.06
o 237.05[MeV] 0.25 : 1.98 : 0.03
@ 235.86[MeV] 0.50 : 1.77 : 0.04 4.00 : 0.63 : 0.14
|— - -
1 _
Q 0.1 0.1 _

238.21[MeV]

1072

0.05 0.05

10

10755 4 5 0 4 o 1 2 4 5
pT(GeV/c) pT(GeV/c) pT(GeV/c)
Parameter “b” is selected so that effective temperature is
comparable to experimental measurement.
The “c” is chosen to be comparable to v,
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Selected dependence of velocity and anisotropy

N(t)

Temperature

% 05 1
time
0.3 _Temperature
0.2}
0.1f
% 05

tirr‘!e

Probability density

o
(<))

Velocity

o
F

0.04
0.02

% 05

0.2

o 05

tinqe

- Velocity

tirr1|e

o
—

Azimuthal anisotropy
o
(=)
ol

The development of velocity and v, could be studied.
The time dependence of v, of medium shows that v, is saturated early.
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a:b:c

0.00 : 2.86 : 0.02
0.25 : 1.98 : 0.03
0.50 : 1.77 : 0.04
1.00 : 1.47 : 0.06
4.00 : 0.63 : 0.14

. azimuthal anisotropy

0 M M M M 0:5 M

tirﬁ'e
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Summary (1)

Neutral pion and direct photon v, are measured in Vs, = 200GeV
Au+Au collisions at RHIC-PHENIX experiment.

Neutral pion v,, v;, and v, show different pattern in high p; region.
In central collisions, hadron shows non-zero v,..
It could be understood that jet path-length dependence.
In peripheral collisions, v, & v, have positive while v, shows negative.
It could be due to jet effect on determining event plane.

Comparison of neutral pion and direct photon in high p; region.
Hadron shows non-zero while photon v, is close to zero.

It could be understood that photon includes prompt photons with
v, =0.
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Summary (2)

Strong radial flow effect could be the probability of explanation
“photon puzzle”.

High effective temperature could be understood that photon
emitted from the medium having large radial velocity at late stage.

Photon p; spectra and v, are calculated with blue shift effect.
The time dependences are selected so that effective temperature

and v, are comparable to the experimental measurement.

It is found that the medium azimuthal anisotropy is saturated early
time of development.
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Model comparison of photon v,

N

>

| Direct photon v,

" 0-20 %
0.3

e Calorimeter
e Conversion
Hess et al. (a)

| —— Hess et al. fb)
0.2

Linnyk et al.
Priviate communication

4 5
pT(GeV/c)

N

>

0.2

[ 20-40 %

- — arXiv1403.7558 (a)
0.3

arXiv1403.7558 (b)

[ arXiv1404.3714

4 5
pT(GeV/c)

PRC 84,054906
PRC 89,034908

0.3

0.2

0.1

0 ,

@! j

0

1 2 5
pT(GeV/c)

(Orange) Transport model considering photons from hadron phase
(Blue, red) Fireball model

Hydrodynamic calculations (cyan, pink, and violet) including photons
from late state, are much underestimated.
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MOdE' Comparison Qf VZ and v3 PRC 84,054906 P.R.D 89,026013

N

>

2015/1/23

™

| Direct photon V, e Calorimeter >
- 20-40 % || e Conversion

0.2

0.1

PRC 89,034908 arXiv:1404.3714

- Direct photonv, _ pR p g9,026013
- 20-40 %

| --- Hessetal. (a)

arXiv1403.7558 (a)

i arXiv1403.7558 (b)
--- Hess et al. (b) Private communication

Linnyk et al. — arXiv:1404.3714

B Private communication

: : 1 e
: ¢ ¢ 1
.;-.——.—I'f.. AT [ TR TR TR T NN TN T W A N N .IT—
1 2 4 5
pT(GeV/c)

Dark violet is based on magnetic field effect, upper limit is shown.
Model calculations of photon v, are much smaller than experimental

data.

The data of v; may help to constrain parameters in model calculations.
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External photon conversion method

N

(3]

M,;zp: Real track
M,,, : Measured track

>t V,(RxN(I+0)) inclusive photon > V4(RxN(I+0)) inclusive photon
0.15 [-0-20(%) e Calorimeter 0.15|-0-20(%)
i e Conversion i
; [
0.1 - @ III+D:| 0.1 $
K] & i T3 E+II ]
005~ o° = 0051 dm [e]
[ + [ . -
[ [ ¢ .
0 | Ll | Loy o -"II
0 1 2 3 ?)T(Gewc? 0 1 2 3 ?)T(Gewc?: HBD
Invariant mass of e*+e- pair
Real photons from external photon o.oaY. T P =
conversion at the Hadron Blind §o.oes§
Detector (HBD) readout plane S oo o
are detected. 20 o
* Extend low p; limit = oo
0.005 o iwo
: : : °o:' 0005 001 .01; — 002 0025 003 °
Consistent inclusive photon v, well M. [GeV/c?]
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External photon conversion method ~ Realtrack
estimated track

‘

1) real photon converts to e*e" in HBD backplane

2) default assumption: track come from the vertex

3) momentum of the conversion tracks will be
mis-measured (see black tracks)

4) apparent pair-mass (about 12MeV) will be measured
for phtons

5) assume the same tracks originate in the HBD backplane

6) re-calculate momentum and pair mass with this
“alternate tracking model”

7) for true converted photons M,,, will be around zero
0.03 G

V]

v
O 0.025
(o]
)
I

0.02

M

0.015

0.01

0.005

0

1 l L 1 1 1 1 1 1 1 1 1 1 1 ) 1 1 L 1 l 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03

M, [Gev] ) 00



Thermal photons are predicted sensitive to n/s

6

1SN

v,{SP}/v;{SP}

5+

—

Pb+Pb 0-40% @ v's = 2760 A GeV

L
L,
G-
o
o
-
e
Dre-

MCGIb. n/s=0.08
MCGlb. 1/s=0.08 thermal ="
MCKLN 7/s=0.20
MCGIb. n/s=0.20
MCGlb. n/s=0.20 thermal =

-
- -
-
-
- - .
- .

Hydrodynamic calculation predicts that direct photon is sensitive

0.5

1.0

to n/s of QGP than hadron.

2015/1/23

15 2.0 25 3.0 3.5

p(GeV/c)
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The ratio of v, to v, in p; region

0-20 %
-+ =+ MCKLN+/s(0.20) y*"
6F —— MCGIb+/s(0.08) y*"
.= MCKLN+/s(0.20) r*
—— MCGIb+/s(0.08) x*
4 -
2 -
%

><'>
N i
>

20-40 %

theory arXiv:1403.7558
6k n* arXiv:1412.1038
\
.\'
\o
\o
- \ ]
N\
4 N
3 \0
\,\
3 " .
2/ Bl
1 IIIIIIIIIIIIIIIIII
00 1 3 4
pT(GeV/c)

7t : arXiv:1412:1038
Model : arXiv:1403.7558

Private communication
40-60 %

 Photons don’t have strong centrality dependence at around

2-3 GeV/c

* Pionsincrease from central to peripheral

Photon and pion show different centrality dependence.
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Relative yield dependence

N(t)

Temperature

0 05 1
time

[ Temperature : T(t)

o
w

o
N
LI LN R

0o 05 K
time

Probability density

Velocity

o

o

o
'

o
N

0 05

tirr1|e

o
(=)

- Velocity : p(t)

o
FS

0.2

Relative probability density is modified.
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Azimuthal anisotropy

N(t) = / o (pp. )dpr

Yield dependence a=0
a=1/4
N(t)= tan(pT,t)de a=1/2
a=1
B(t)=B t
a=4

V(P )=C(p,) t

. azimuthal anisotropy : vn(pT,t)

tirr1|e
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The velocity dependence

N(t)

Temperature

0 [ . . . . 1 . . . . 1

0 0.5 i 1
ime
0.3k _Temperature : T(t)
0.2f
0.1_-
% o5 i
ime

Probability density

Velocity

o
(=)
=Y

o
o
]

0 M M M M 1

0 05 9
time
0.6} Velocity : (1)

o
FS

The time dependence of velocity is modified.
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Velocity dependence

b=1/4
N(t)= n(pT,t)dpT b=1/2

b=1
B(t)=B t° b=2

V(P )=C(p,) t

. azimuthal anisotropy : vn(pT,t)

>
o
g o01F
<) L
(7]
=
[1+]
®
e
5
E
N
<L
0 0.5 1
time



The azimuthal anisotropy dependence

5 =

‘2’ —
g [ Azimuthal anisotropy depender
2.0.04 c=1/4
= I N(t)=| n(p_;t)dp_ c=1/2
- c=1
20.02 B(t)=B t c=2
& X

V(P ,H)=C(p,) t°

0 " " " " 0:5 " " " " 1I 0 " " " " 0:5 "

time tirr1|e
) = : > = > : : :
§ 0.3} Temperature : T(t) £ 0.6_— Velocity : (t) =y . azimuthal anisotropy : vn(pT,t)
© [ o s 0.1
S I 2 b
£ 0.2 0.4 S
q, L
S :
[ 5
0.1 0.2 £
N
<
% 05 .1 % 0.5 1 0 0.5 1
time time time
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Selecting b and ¢

10

L (5] -
8- 2f-
6 1.5
4 1
2 0.5
0 of

oT

eff
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(1/NG4)d*Naa/dprdy

Medium effect (R,,)  |Raa=

< Ngoip > /Omel X d2(7pp/dedy

Au+Au - 200 GeV (central collisions):

< = Direct v, y* [PHENIX]
. * Inclusive h* [STAR]
10 o , 7° [PHENIX]
| c v [PHENIX]
i GLV energy loss (dN*/dy = 1400) R AA" 1
not modified
-- - Iroes]
1 - - _-,-_!-_:;::,LT_:‘!E!:_:-:;:-'Z_;_._-__—_-.'._'_- ________ NC.Q”__S_(E?_II_Q.Q.-_- RAA¢1
S B A R medium effect
- s | P 1 ! l
| & A PR ) ) i ( b l_ FAN l ‘
Newscatng | 70 1| 0b gyl Hadron
10" '] less th i
| ess than unity
ety by by by by | el -
0 2 q 6 8 10 12 14 16 18 20 > medium effect
P, (GeV/c)
photon

R,,=1: not modified
-> Emitted from initial hard scattering
R,,>>1 : There are other photon sources which are not in p+p collisions.
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Event Plane resolution RxN(In)  MPC
RxN(Out) BBC

-III2 resolution -II’:, resolution RXN(| +O)
= 08 = e o
g [ . g 03f .
LI HNR I I I L South _ qyNorth
S [ S ! ® ou or
%N 0.4_'. o ® o ° bé‘,n 0'21 ¢ ° <COS {n(an - \Ijn )}>
Sl ° 2 ol "

o A

g ™ 8 1", | T \/ (cos {n(W5ne — UEps) )

(] ———— oe—————

0 20 40 60 0 20 40 60 true __ _.obs.

Centrality[%] Centrality[%)] Un — Un / R@S(\Ijn)

Extracted from the correlation between the event plane angle
measured by south and north.

The v, measured with event plane should be corrected by the
resolution.
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The event plane dependence of direct photon v,

0-20 % 20-40 % 40-60 %
- dir. s L
>N | Y v2 >N L >N B
0.2 0.2 0.2
: 8‘5; Wi

I , ! i1

e RxN(In)+MPC:1.5<|<3.8
e RxN(Out):1.0<imi<1.5

o - $aee NI T P O_E IIH”

o I 10 0% 0o 15
p.(GeV/c) p.(GeV/c)
") _ o
0.2 0-20 % 20-40 %
>¢Q 5
AT Q
0.2}
-0_4:— Ydir. v3 _0_4:_
0 — 5 — — 0 . 5
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Charged hadron v,

0.25

0.2

0.05}

P.R.L. 107, 252301 (2011)

0.1}

0-10% (a)

?Au+Au

:. V2{\V2}
A Va{y,}
O V4{\V4}

\/S\\=200GeV

10-20%  (b)|

= = Alver et.al.

' Schenke et.al [

(c)

30-40% . (d)|

[ 40-50% (e)

)

Non-zero positive v, are observed.
The trend of centrality dependence is not similar.
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Event Plane correlation

<COoS j(D,-D,) > [%]

P.R.L. 107, 252301 (2011)

- 6(@8-0f) (x20)  (d)_
- o 3(D5- D7) (x20) :
s 3(0;-0°) (x20)

100

80 60 40
centrality [%]

W, and W, are uncorrelated.
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Identified charged particle v,

It is observed that
all harmonics have mass ordering

there are meson and baryon splitting
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0o 1 2 3 40 1

0251 Centralltyo -50% (a)‘: o (b)‘;
A 1F v;x1.5 ]
021 & n*m o» ¢ ¢ solid: EP e
0.15} & KK %, I Open: 2PC o ° 4
0.1f * PP 1 AT R 4 ]

r A r ]
0.05F oo iF :
N %)Q 1F ]

0 |- -- ———— - ——
0.05F Proorelatedsys o B k. .
0.25 —_I T T I o 'l____l ' L | I ! 'd' l__
- v x1.5 © 1 v{¥,}x4.5 @ |
0.2} o 4F + =
c % 1 \ ]
0.15 ¢ ¢ 1 ¢ -
: O’% : I o’ ;
> Qﬁﬁ&‘? 1y MRURE
0.05 x| S -
C M 1k g“ ]
OF %% 1F e — .
'005 i | PP B | T::T PP B 1 M- T:
3 4

arXiv:1412:1038
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The number of constituent quark scaling (NCQ scale)

0.12F Céht'rél'ut'y'd 50% @3 T (b)
0.1 3 vz{lllz}/n IF v:,{IP:,}/nq x2.5 E arXiv:1412:1038

r ® JT Tl: J1F ]

008 E_ & K_K ane 9 .A ° —;E_ “.. .* _E

0.06 F ¢ paw I ‘/.ﬁ Ak,

0.04] E ;

0o2f & I+ & £

%u o—, -------------------------------- —-“ """""""""""""""""" ‘

Ef: -0.02 :_' : KET/nq (::O:rr:el'a:te:d:S:ysT :Of:f:[: '_: :_' = a————————— '_:
> 0-12 :_I I I (c) I_: :_I I I I (d) I_:
0.1 d V4{1P4}/n:/2)(4-0 + b v n:/zX15 E
C é.¢§ + 1F ‘¢* + ]
0.06 4 ++ ¥ f"‘bﬁ + + -
0.04 1 f g 3
0.02 I W E
oL I J—
0026 2| = AP R TP S -
0 0.5 1 1.5 2 O 0.5 1 1.5 2
KE,/n, [GeV]

All particles are scaled by modified NCQ (a): VZ(KET)/n.q
scaling. (b) : v /" scaling

(a)+(b) : v, (KE;)/n"/2
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n° and y9" v, measurement by STAR Ahmed M. Hamed

shown at QM
v BEMC: |n|<10 FTPC: 2.5<|n|< 4.0

0.3 LI N B B B B B T T T 7T

v¥'{EP} FTPC -

Au+Au (10-40%)

AutAu @ 200 GeV

TIIT]TTTTTTTTTII[ III[]I T
==
|
!

.Illlll.lll 1 llllllllllll.llllll

0.05
oM. 8. ... + ...................................................................
0.05 S—+ + + |
01 :_ STAR Preliminary 3
015”111101111121111[41‘11161 l11811121—(-)
E, [GeV]

v9r v, in high E; region are consistent with 0 within systematic
uncertainty, while it° has positive v,.
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photon v, measurement by ALICE

Friederike shown at QM
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It is also observed that y" v, is positive in low p; at LHC-ALICE.
v; measurement is ongoing.
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The comparison of charged pion and hydro-model
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The comparison of direct photon and hydro-model
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Comparison of neutral pion v, with previous results
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They are consistent within systematic uncertainty.
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Comparison of neutral pion v, with previous results
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They are consistent within systematic uncertainty.
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Comparison of inclusive photon v,
with previous results

0-20% 20-40% 40-60%
03[ Inclusive photonyv, > 03L e Presentanalysis > o3k
[ E.P. : BBC [ < P.R.L.109, 122302 (2012) [
02F 77 02 0.2 %
01F TN 0.1} 01F
of of 0F
0 " " " " 5I " " " " 1I0 " " " 0' 0' " é " " " " 1I0 " " "
pT(GeV/c) pT(GeV/c)
0-20% 20-40% 40-60%
> [ s [ s |
03 03[ 03
0.2 F 02
01 01F
of 0
S e TN e S N N
0 5 0 5 0 5

10 10 10
pT(GeV/c) pT(GeV/c) pT(GeV/c)

They are consistent within systematic uncertainty.

2015/1/23 PreDefence (M.Sanshiro) 76



Comparison of neutral pion v, with charged pion v,
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They are consistent within systematic uncertainty.
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Comparison of neutral pion v; with charged pion v,
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They are consistent within systematic uncertainty.
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Comparison of neutral pion v; with charged pion v,
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They are consistent within systematic uncertainty.
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Comparison of direct photon v, with previous results
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They are consistent within systematic uncertainty.
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